The focus of nanoparticle research is on exploring its application in all kinds of field. Among these, multifunctional nanoparticle attracts increasing interest due to its fittest property and adjustable property. Herein, a multifunctional and multistage nanoparticle considering the advantage of both nanogel and pH-responsive property has been designed and synthesized in the research. The composite nanoparticle was obtained by in situ processing and polymerization technique using acetylated β-cyclodextrin and gelatin as materials. Gelatin was first encapsulated into Ac-β-CD nanoparticle in order to investigate optimal fabrication conditions of W/O/W technique. The results showed that the nanoparticle had monodisperse characteristic and coarse spherical morphology, which was influenced by factors such as PVA concentration and water/oil ratio. In further step, two-phase composite nanoparticle could be obtained by combined W/O/W technique and in situ polymerization using optimal preparative parameters of W/O/W technique. Two-phase structure could be confirmed by TEM images and DLS results. Fabrication temperature had no effect on the diameters of composite nanoparticle, but influenced the encapsulated efficiency of nanogel. Finally, composite nanoparticle showed quick pH response property at mild acid medium and no obvious cytotoxicity.
Introduction
Nanoparticle is defined as a small sphere with nanoscale size, which attracts increasing interest due to its small-size effect in scientific research [1] [2] [3] . From one aspect, small-size effect brought not only large specific surface area but also flexible and adjustable properties [1] [2] [3] . From other aspect, nanoparticle is a bridge between bulk material and atomic structure, which offers a method to understand or establish the relationship between bulk material and atomic structure. To date, all kinds of metal, inorganic, and polymeric nanoparticles have been synthesized and prepared using gas condensation, attrition, chemical precipitation, microemulsion method, pyrolysis, and hydrothermal synthesis [2] . Among these kinds of nanoparticles, stimuli-responsive nanoparticles including pH-sensitive, temperature-sensitive, enzymesensitive, photo-sensitive, and redox-sensitive have been intensively investigated in the application of biomedical, nanotechnology, information fields [4] [5] [6] [7] [8] [9] . On account of mild acid environment in lesion locations and in endosomal/lysosomal compartments of cells, low pH-triggered nanoparticles have been used to deliver drugs, growth factors, and bioactive molecules into targeted tissue or cells [10] [11] [12] [13] . Recently, quick response polysaccharide materials to mild acid environment had been synthesized and prepared to pH-responsive nanofiber and nanoparticle [10, 14] . Among these, pH-sensitive acetylated β-cyclodextrin (Ac-β-CD) nanoparticle had been fabricated and introduced into injectable hydrogel [15] . The effectiveness and efficiency of Ac-β-CD nanoparticle had been confirmed by previous research [15] .
However, nanoparticle with single function cannot satisfy multiaspect requirements like synergic delivery for two molecules with completely different properties, different response requirements, and different cell endocytosis properties in biomedical field. Since nanogel is another widely used nanoscale material with similar environment to physiological environment, it possesses a large number of advantages like good biocompatibility, similar mechanic properties to soft tissue, and less immune response [16, 17] . On account of merits of both nanoparticle and nanogel, nanogel composite pH-sensitive nanoparticles were designed using double emulsion method in the research. Since hydrogel is hydrophilic-crosslinked polymer network, hydrophilic natural polymer with crosslinkable points is an ideal material for nanogel synthesis. Combined with biocompatibility, biodegradability, and availability, crosslinkable gelatin, which was synthesized in our previous research, is a good choice for nanogel preparation. In order to explore the optimal conditions for double emulsion method, gelatin-encapsulated Ac-β-CD nanoparticles were first prepared and characterized. Then, two-phase composite pH-sensitive nanoparticle was fabricated using similar method. Finally, structureproperty information of gelatin nanogel composite Ac-β-CD nanoparticle was investigated in the research. The aim of research is to provide a novel composite nanomaterial for future biomedical application.
Experiment Section
2.1. Materials. β-Cyclodextrin (β-CD), 2-methoxypropene, pyridinium 4-toluenesulfonate, dimethyl sulfoxide (DMSO), dichloromethane (DCM), acrylic acid (AA, purified through vacuum distillation), gelatin, ammonium persulfate (APS), and N,N,N′,N′-tetramethylethylenediamine (TEMED) were purchased from Shanghai Chemical Industries Co. Ltd (China). Poly(vinyl alcohol) (PVA, 87-89 mol% hydrolyzed, CPS: 4.6-5.4), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were obtained from Aladdin (Shanghai) Co. Ltd. (China). Trypsin, Dulbecco's modified Eagle's medium (DMEM), and fetal calf serum (FBS) were purchased from Gibco. Fluorescein diacetate (FDA) and 3-(4,5-dimethyl) thiazol-2,5-dimethyl tetrazolium bromide (MTT) were got from Sigma. All other chemicals and reagents were used as received.
2.2. Synthesis of G-AA and Ac-β-CD. Acrylic acid-modified gelatin (G-AA) and acetylated β-cyclodextrin (Ac-β-CD) were synthesized according to previous reports [15] . Briefly, G-AA was obtained by EDC/NHS catalyzed coupling reaction and Ac-β-CD was synthesized by acetalization. In the protocol of G-AA synthesis, carboxyl group was first activated by EDC/NHS with molar ratio of 1 : 1.2 : 0.5 (pH 4.0-4.5) for 30 min, then activated AA was reacted with gelatin in water solution (pH 5.0-5.5) for 10 h at room temperature. Finally, G-AA was obtained by dialyzing and freeze-drying. In the protocol of Ac-β-CD synthesis, 50 mM β-CD was reacted with 2-methoxypropene with molar ratio of 1 : 40 under catalysis of 5 mM pyridinium p-toluene sulfonate in anhydrous anaerobic DMSO environment at 30°C for 1 h. Then, Ac-β-CD was obtained by precipitation and filtration and lyophilized. The structure of Ac-β-CD was characterized by 1 H NMR (Figure 1 ), which was assigned as follows: the chemical shifts from 1.0 ppm to 2.0 ppm are attributed to the protons of CH 3 -C at 1 and 1 ′ positions, the 
Preparation and
Characterization of GelatinEncapsulated Nanoparticle. Gelatin-encapsulated nanoparticles were prepared by double microemulsion method. Briefly, 200 μL of 10% gelatin solution was first emulsified via probe sonication (Scientz, JY92-II) into 1 mL of 10% w/v Ac-β-CD/DCM solution, which was further emulsified into 6 mL of 1% w/v PVA aqueous solution. The obtained emulsion was immediately added into 20 mL of 0.3% w/v PVA solution to evaporate DCM under magnetic stirring. Finally, nanoparticles were collected by centrifugation (14,000 rpm, 10 min) after 10 h. The collected nanoparticles were washed several times with basic water, lyophilized, and characterized by dynamic light scattering (DLS, nano ZS), scanning electron microscope (SEM, S8100). For DLS test, intensity average was been given to evaluate nanoparticle size. The gelatin encapsulated in nanoparticle was determined by BCA assay. Briefly, 20 μL of dissolved nanoparticle solution was added to one well of a 96-well culture plate, into which 200 μL BCA (agent A/agent B = 50/1) solution was added.
After 30 min at 60°C, the absorbance at 570 nm was recorded on a microplate reader (Tecan M200), which was used to calculate the gelation concentration by referring to a calibration curve. Encapsulation efficiency of gelatin in nanoparticle was calculated by encapsulated gelatin amount * 100%/original gelatin amount.
Fabrication and Characterization of Two-Phase
Composite Nanoparticle. Two-phase composite nanoparticles were also fabricated by double microemulsion method. Briefly, G-AA was dissolved in PBS to obtain 10% w/v G-AA solution, into which 50 mM APS was added to form homogeneous solution. 200 μL above solution was emulsified into 1 mL of 10% w/v Ac-β-CD/DCM solution, which was further emulsified into 6 mL of 1% w/v PVA aqueous solution containing 50 mM TEMED. The obtained emulsion was immediately added into 20 mL of 0.3% w/v PVA solution to evaporate DCM under magnetic stirring at different temperatures. At the same time, G-AA was crosslinked by radical polymerization to form nanogel structure. Finally, nanoparticles were collected by centrifugation (14,000 rpm, 10 min) after 10 h. The collected nanoparticles were washed several times with basic water, lyophilized, and characterized by dynamic light scattering (DLS, nano ZS), scanning electron microscope (SEM, S8100), and transmission electron microscope (TEM, Tecnai 12) at 200 kV. For DLS test, intensity average was been given to evaluate nanoparticle size. Moreover, transparency at 400 nm for nanoparticle solution in different mediums as a function of time was detected by UV spectroscopy (Cary 50). The gelatin encapsulated in nanoparticle was also determined by the abovementioned BCA assay.
In vitro cultured MCF-7 cells (95% humidified atmosphere + 5% CO 2 , 37°C) were used to preliminarily evaluate the cytotoxicity of two-phase composite nanoparticle, which were detached using 0.25% trypsin in PBS before use. In the protocol of cytotoxicity evaluation, 100 μL of 200 μg/mL nanoparticle DMEM suspension was added into each well 2.5. Statistical Analysis. Data were analyzed using the t-test for differences. Results are reported as means ± standard deviation. The significant level was set at p < 0 05.
Results and Discussion
3.1. Gelatin-Encapsulated Nanoparticle. The detailed structural information of Ac-β-CD and G-AA was described in our previous research [14, 15] . Gelatin-encapsulated Ac-β-CD nanoparticle was fabricated by double water-inoil-in-water (W/O/W) technique, which was illustrated in Figure 1 . Detailedly, gelatin aqueous solution was encapsulated into Ac-β-CD/DCM solution to form the first emulsion, which was further emulsified into water with emulsifier (PVA) to form nanoparticle after DCM was evaporated. Finally, gelatin-encapsulated Ac-β-CD nanoparticle was obtained by wash and separation. Since the influence of preparation conditions on Ac-β-CD nanoparticle's (single O/W technique) structure property had been investigated previously, the optimal preparation conditions like 10% Ac-β-CD International Journal of Polymer Science solution and 1 : 6 oil/water ratios for the second emulsion were chosen and fixed in the research. Moreover, preparative parameters like PVA concentration and water/oil ratio of the first emulsion were studied in Figure 2 and Table 1 in the work. All formed nanoparticles exhibited monodisperse characteristic, nearly spherical morphology, and coarse surface, confirmed by DLS results and SEM image (Table 1 and Figure 2 ). Detailedly, either statistic diameter from SEM images or effective diameter from DLS results decreased with the increase of PVA concentration. However, nanoparticle showed not regular sphere with many defects with higher PVA concentration (Figure 2(c) ) and lower water/oil ratio (Figures 2(d) and 2(e) ). Additionally, when PVA concentration was higher, nanoparticles seemed to stick together (Figure 2(c) ), which might be attributed to unwashed PVA. The water/oil ratio of the first emulsion showed little effect on the diameter of nanoparticle either from SEM images or from DLS results. Moreover, zeta potential of all nanoparticles was from −9.3 mV to −14.0 mV ( Table 2 ). No significant difference was detected for zeta potential of nanoparticle for different preparative parameters. Encapsulation efficiency of inner material is another index to characterize effectiveness for functional nanoparticle. BCA results showed that gelatin could be encapsulated into nanoparticle using this method. But unfortunately, gelatin encapsulation efficiency was as low as 1.0-2.0% w/v. When PVA concentration was low in preparation, gelatin encapsulation efficiency was higher than other nanoparticles, which might be due to less wash time in preparation. These results indicated that gelatin inside nanoparticle could diffuse into outside aqueous solution.
3.2. Two-Phase Composite Nanoparticle. As far as nanoparticle size, morphology, and probable emulgator remaining from abovementioned results, preparative parameters of Nano2 as an optimal condition for W/O/W technique were chosen for further investigation. Since crosslinkable gelatin had been verified to be an effective material for hydrogel Figure 4 : SEM images of Nano20 (a) and Nano40 (b). TEM images of Nano20 (c) and Nano40 (d).
5 International Journal of Polymer Science fabrication with functional properties, it was encapsulated in nanoparticle for in situ nanogel fabrication just as illustrated in Figure 3 . In order to make gelatin crosslinked, redox initiation system (APS/TEMED) was used and dissolved in the first and second emulsions. During the process of nanoparticle fabrication, in situ polymerization was taken place simultaneously. Finally, uniformly distributed nanoparticles were obtained regardless of fabrication temperature, which was confirmed by SEM images (Figures 4(a) and 4(b) ) and TEM images (Figures 4(c) and 4(d) ). In particular, biphase structure was clearly seen in TEM image, which indicated that nanogel embedded in nanoparticle had been successfully formed. Moreover, fabrication temperature seemed to have little influence on the size and morphology of nanoparticles either from SEM images or from TEM images. Hydrodynamic diameters of composite nanoparticle in PBS and in acid were detected by DLS, respectively, which was shown in Table 2 . Since Ac-β-CD could be dissolved in acid solution according to previous research, diameter in acid was considered to be the diameter of inner nanogel due to degradation of Ac-β-CD. It was found that the effective diameter of composite nanoparticle was around 200 nm and the effective diameter of nanogel was around 250 nm regardless of fabrication temperature. Moreover, the diameter of nanogel is a little bigger than that of composite nanoparticle, which might be ascribed to the extension of hydrophilic nanogel network in water without hydrophobic Ac-β-CD outsider layer. Furthermore, encapsulated efficiency of nanogel was about 12-14% w/v, which was much larger than that of abovementioned uncrosslinked gelatin. In addition, encapsulated efficiency of nanogel for Nano40 is a little higher than that for Nano20 for the reason that higher fabrication temperature resulted in fast polymerization rate to hinder gelatin molecule diffusion.
Transparency of nanoparticle solution was used to track the degradation process of nanoparticle based on the fact that solution became clear after Ac-β-CD was degraded and dissolved in solution ( Figure 5 ). In PBS (pH 7.4), transparency of nanoparticle solution at 400 nm nearly kept unchanged during the first 3 d, then slowly increased up to 10% in the following 6 d, indicating relative stability of nanoparticle in that solution. In pure water (pH 6.5), transparency of nanoparticle solution at 400 nm gradually increased up to 60% with prolonged time, indicating the continuous degradation of nanoparticle in 9 d. In mild acid solution (pH 5.5), transparency of nanoparticle solution at 400 nm rapidly increased to 90% in the first day, indicating quickly degradation of nanoparticle. The results confirmed the quick pH response property at mild acid medium. The detailed degradation mechanism had been discussed in our previous research. Briefly, degradation of Ac-β-CD nanoparticle was due to structural change of Ac-β-CD. Synthesized Ac-β-CD 6 International Journal of Polymer Science containing linear acetal groups (LA) and cyclic acetal groups (CA) is sensitive to low pH environment, which was confirmed by 1 H NMR spectrum. In view of abovementioned properties, Nano40 was chosen for further cytotoxicity evaluation. Nano40 was cocultured with MCF-7 cells to evaluate its preliminary biocompatibility in vitro. As shown in Figure 6(a) , the viability of cells cultured with Nano40 was a little higher than TCPs control, but without significant difference. Fluorescence microscopy images confirmed that live cells lived on the plate homogeneously (Figures 6(b) and 6(c)) , with or without Nano40. These results confirmed that the Nano40 nanoparticle could support cell survival.
Conclusion
Gelatin-encapsulated Ac-β-CD nanoparticle with monodisperse characteristic, nearly spherical morphology, and coarse surface could be easily fabricated by double water-in-oil-inwater (W/O/W) technique. The diameters of nanoparticles decreased with increase of PVA concentration, but were not influenced by water/oil ratio of the first emulsion. But nanoparticle showed sticky and irregular sphere shape with many defects when PVA concentration was higher and water/oil ratio was lower. Zeta potential of the nanoparticles was from −9.3 mV to −14.0 mV. Further two-phase composite nanoparticle could be obtained by combined W/O/W technique and in situ polymerization. Two-phase structure could be confirmed by TEM images. The effective diameter of composite nanoparticle was around 200 nm, and the effective diameter of nanogel was around 250 nm regardless of fabrication temperature. Encapsulated efficiency of nanogel was about 12-14%, and higher fabrication temperature resulted in higher encapsulated efficiency. Composite nanoparticle showed quick pH response property at mild acid medium and no obvious cytotoxicity.
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